Anonymous DNA fragments from the genome of cultivated avocado (Persea americana Mill.) were cloned into a plasmid vector and used to screen a total of 36 cultivars. There is a high level of polymorphism among cultivars allowing all cultivars to be assigned a unique genotype based on 14 genetic loci. A cluster analysis of genetic similarities among cultivars revealed three major clusters that correspond to the three major racial groupings of cultivated avocado. Additional clusters appear to reflect cultivars derived through interracial hybridization.
The cultivated avocado (Persea americana) is comprised of three botanical races: P. americana var. americana (West Indian race), P. americana var. drymifolia (Schect. & Cham) Blake (Mexican race), and P. americana var. guatemalensis Wms (Guatemalan race) ( Bergh et al. 1973; Popenoe 1941) . The origins and domestication of the various races is obscure, and in fact the appellation West Indian is a misnomer because avocado was introduced to the West Indies from Central America by the early Spanish settlers (Popenoe W, Zentmeyer G, and Scheiber G, unpublished manuscript) . Many of the named cultivars of avocado are selections from open pollinated progenies and the pollen parent is often unknown or a matter of speculation. In some cases, the open pollinated selections that yielded successful cultivars are believed to have arisen from interracial crosses. Thus, for example, the cultivar Hass, the predominant commercial cultivar in California was first obtained as an open pollinated seedling of unknown parentage (Seelye 1994) . Current speculation among avocado breeders ( Bergh R and Martin G, personal communication) is that cv. Hass is derived from a Guatemalan ϫ Mexican hybrid that was then backcrossed to a Guatemalan pollen parent. It is now possible to test this and similar speculations regarding genealogical relationships among avocado cultivars using molecular markers.
The traditional bases for inferring parentage have been morphological or were based on the proximity of a potential pollen source. It is very difficult to produce fruit where the pollen parent is known with certainty because the mature avocado tree produces in excess of 1,000,000 flowers but fewer than 1,000 are destined to yield mature fruit. Most fruit drop prior to maturity, leaving a small residual of successful pollinations.
Genetic markers provide a way to establish both the parentage of individual trees, and through retrospective analyses, to infer the likely genealogical histories of particular cultivars (Mhameed et al. 1997) . In an initial attempt to explore avocado relationships using genetic markers, we investigated a number of cultivars and members of other closely related Persea species (P. floccosa Mez, P. nubigena L. Wms, P. steyermarkii C. K. Allen, and P. shiedeana Nees) using rDNA, nuclear gene, and chloroplast DNA probes ( Furnier et al. 1990 ). These data revealed that all three races are distinguished by unique mutations and the data provided support for the hypothesis that the Guatemalan race originated through hybridization between P. nubigena and P. steyermarkii. Furnier et al. (1990) concluded that P. americana could be expanded to include P. floccosa, P. nubigena, and P. steyermarkii as one large species which concurs with the earlier recommendations of Bergh et al. (1973) based on the analysis of terpene patterns.
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efficient plant improvement strategies and such knowledge is essential for effective germplasm conservation. The data from this study reveal a high degree of polymorphism for anonymous nuclear DNA fragments, confirming the impression that cultivated avocado possesses a rich and diverse gene pool. Cluster analysis among a set of 36 cultivars, based on a measure of genetic similarity, reveal groupings that conform with racial designations and that appear to distinguish cultivars derived from interracial hybrids. Thus RFLP analyses appear to provide a powerful basis for inferring genetic relationships among cultivated avocados.
Materials and Methods

Plant Materials
Collections of avocado germplasm are maintained at the University of California South Coast Field Station and on the campus of the University of California, Riverside. Because the method of avocado propagation is clonal, based on bud grafting, each cultivar represents a single genotype. Table 1 provides a list of the cultivars surveyed and their source. In addition, P. schiedeana was included as an outgroup in the cluster analyses.
DNA Preparation
DNA was extracted from 10 g of newly emerged leaf tissue using a modification of the protocol of Rawson et al. (1982) . The leaf tissue was homogenized in 50 ml of grinding buffer (100 mM Tris, 25 mM EDTA, 0.35 M sucrose, 50 mM KCl, 5% polyvinylpyrrolidone, 10 mM diethyldithiocarbamic acid, 0.2% mercaptoethanol) using a small Waring blender. The homogenate was filtered through cheesecloth and centrifuged at 12,000 G for 20 min (4ЊC). The pellet was resuspended in 6 ml of lysing buffer (100 mM EDTA, 50 mM Tris-HCl pH 8.0, 2.5% Triton X-100, 2% sarkosyl, 50 g/ml Proteinase K) and incubated at 37ЊC in a shaking incubator for 2 h. The lysate was centrifuged at 15,000 G for 10 min (4ЊC) and the supernatant was precipitated with 2/3 volume isopropanol at Ϫ20ЊC for 30 min. The precipitate was pelleted at 20,000 G for 15 min. (4ЊC). The pellet was resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA pH 8.0) and the DNA purified through a single CsCl gradient (rf ϭ 1.390-1.395) as described by Rawson et al. (1982) . The DNA sample was precipitated, washed with 70% ethanol, dried under vacuum, and resuspended in TE buffer at a concentration of 1 g/l.
Cloning Anonymous DNA Fragments Total DNA from cv. Hass was digested with the restriction enzyme PstI and size fractionated on 1% agarose gels. (PstI was used to select against chloroplast DNA because it cuts the chloroplast genome infrequently into relatively large fragments.)
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Southern Transfers
Ten micrograms of total plant DNA was digested with the restriction enzymes EcoRI, EcoRV, and HindIII and electorphoresed on 0.8% agarose gels for 4 h at 50 V. The DNA within the gel was depurinated with 0.25 M HCl, denatured with 0.4 M NaOH, and transferred by capillary blot technique to Genescreen nylon membranes under alkaline conditions (as described by the manufacturer; DuPont, Boston). Probe DNA (0.2 g) was labeled with 32 P by the method of Fienberg and Vogelstein (1983) and hybridized to the Southern transfers (Southern 1975) .
Data Analyses
A genotype was assigned to each cultivar for each probe. Because each cultivar represents a single genotype there are no sampling considerations and the gene frequency for a given allele within a cultivar is either 0.0, 0.5, or 1.0. We calculated a similarity measure (S) between a pair of cultivars as the proportion of alleles shared in common between cultivars. Suppose for example, that cultivars A and B have genotypes a 1 a 2 and a 3 a 4 , respectively, and suppose that a 1 ϭ a 3 a 4 and a 2 a 3 a 4 , then two of the four genes are identical between A and B, and S ϭ 0.5. As a second example, suppose the genotypes of A and B are a 1 a 2 and a 3 a 4 , respectively, and suppose that a 1 ϭ a 3 ϭ a 4 and a 2 a 3 ,a 4 , then S ϭ 0.5, because again two genes are identical between A and B. If a 1 ,a 2 a 3 ,a 4 then S ϭ 0.0, and if a 1 ϭ a 4 , a 2 ϭ a 3 , or a 1 ϭ a 3 and a 2 ϭ a 4 , then S ϭ 1.0. The average similarity is ⌺S/n, where there are n loci. A UPGMA cluster analysis was then preformed on the matrix of average similarities (Sneath and Sokal 1973) .
Results
Polymorphism Among Clones
More than 1000 putative clones were screened for inserts of the appropriate size and 20 clones with the appropriate insert size were tested against a panel of avocado DNAs that represented each of the three major races. Fifteen of the screened clones were ''single copy'' in that the banding patterns appeared to correspond to those expected from one or two genetic loci. Five of the clones produced complex banding patterns characteristic of repeated gene families.
An example of the banding pattern associated with one probe hybridized to a Southern transfer containing a wide spectrum of cultivars is shown in Figure 1 . A subset of 13 probes that resolved a total of 14 genetic loci was used to screen a set of 36 cultivars and P. shiedeana (represented by the G755A and G755C entries). Every cultivar was uniquely identified in the sense that each cultivar was distinct from all others for at least one genetic locus ( Table 1 ). The numbers of alleles per locus ranged from one (50RI) to seven (73RI). In general there is a high level of polymorphism associated with the probes, consistent with the complex breeding history and hence the broadly based gene pool of cultivated avocado. Figure 2 presents a dendogram that depicts the relationships among the cultivars screened. Also indicated on the figure are the racial designation or the presumed hybrid origin of the various cultivars. Several features of the data are evident from the dendogram: (1) all cultivars are genotypically unique; (2) cultivars cluster within racial groupings so the genetic data conform to the botanical designations; (3) many cultivars appear to be of hybrid origin because they are placed in two clusters that fall between the racial groups; and (4) the Guatemalan and West Indian races are more similar to one another than either is to the Mexican race based on RFLP genotype. This pattern is consistent with the presumed geographic origins of the various races (Popenoe W, Zentmeyer G, and Schieber G, unpublished manuscript).
Cluster Analysis of Genotypic Data
Discussion
It is important to be able to average over a number of genetic loci because the genetic relationships among cultivated avocados reflect a complex breeding history (Clegg et al. 1993) . The transmission path associated with any particular gene may not reflect the average history of the many loci that comprise the genome. Because we are able to average over a number of polymorphic loci, these data resolve the genealogical relationships among avocado cultivars, including patterns of reticulate descent where interracial hybridization was important. The results of this article may be contrasted to those of Mhameed et al. (1997) , where minisatellite markers were used to assess relationships among 24 cultivars. Unfortunately many of the cultivars included in the present study differ from those used by Mhameed et al. (1997) , so it is not possible to make a comprehensive comparison between the two studies. The cultivars that are common between the two studies do show broadly similar relationships. Thus, for example, the interracial hybrid origin of Hass and Fuetre is also confirmed by Mhameed et al. (1997) , however, Hass maps closer to the Mexican representative than to the Guatemalan representative in their Figure 1 .
A knowledge of genealogical relationships has already proved useful to the UC Riverside program of avocado improvement. For example, the pollen parent of a semidwarfing cultivar of considerable commercial promise (Gwen) was unknown. The maternal parent was the cultivar Thille, and it was postulated that the pollen parent was Nabal; however, the RFLP data exclude Nabal as a pollen parent and suggest instead that Gwen resulted from a Thille ϫ Hass cross. As a second example, RFLP genotypes have proved useful in the identification and verification of germplasm materials for the commercial nursery industry. Finally, a rich source of molecular markers is essential for genome mapping and to trace genetic transmission patterns. This latter issue has become particularly important in recent years because there is a cross-pollination requirement in avocado that may affect yield. Markers provide an experimental means to establish a relationship between yield and out-pollination by detecting the frequency of outcrossing events among mature fruits.
The long generation times and complex breeding system of avocado has tended to frustrate genetic analysis in the past. Molecular markers promise to help overcome some of these obstacles and to provide a wealth of new information. As shown in this study, markers provide a basis for inferring genealogical relationships, thereby revealing new information about the process of domestication. Moreover, molecular markers have proved to be useful tools for asking practical questions to guide avocado management strategies. Undoubtedly a host of additional applications will appear as these techniques become better established.
